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ABSTRACT
In this paper we present new AAOmega spectroscopy of 254 galaxies within a 30′
radius around Abell 3888. We combine these data with the existing redshifts measured
in a one degree radius around the cluster and performed a substructure analysis. We
confirm 71 member galaxies within the core of A3888 and determine a new average
redshift and velocity dispersion for the cluster of 0.1535±0.0009 and 1181±197 km/s,
respectively. The cluster is elongated along an East-West axis and we find the core
is bimodal along this axis with two sub-groups of 26 and 41 members detected. Our
results suggest that A3888 is a merging system putting to rest the previous conjecture
about the morphological status of the cluster derived from X-ray observations. In
addition to the results on A3888 we also present six newly detected galaxy over-
densities in the field, three of which we classify as new galaxy clusters.
Key words: galaxies: clusters: general – galaxies: clusters: individual: A3888 – galax-
ies: distances and redshifts
1 INTRODUCTION
In the last few decades, with the advent of multi-object spec-
trographs, astronomers have been capable of investigating
the redshift information of galaxies over large areas of the
sky. Such wide-field analyses of spectroscopic surveys are
thus an important tool to unravel the history and the under-
lying physics that plays a major role in the large scale struc-
ture formation in our Universe. Recent large redshift survey
campaigns e.g. the Six-degree-Field Galaxy Survey (6dFGS,
Jones et al. 2009), the Two-degree-Field Galaxy Redshift
Survey (2dFGRS, Colless 1999) and the Sloan Digital Sky
Survey (SDSS, Abazajian et al. 2009) have revealed that the
visible matter creates web-like filamentary structures (Ba-
tuski & Burns 1985; Porter & Raychaudhury 2005; Tempel
et al. 2014) of the putative “cosmic web” on scales larger
than a few megaparsecs. There are also megaparsec scale
voids which are regions that harbour only small numbers of
galaxies and fill the space between the filaments (Hoyle &
Vogeley 2004; van de Weygaert & Platen 2011; Sutter et al.
2012, 2014; Dehghan & Johnston-Hollitt 2014).
In conjunction with the large redshift surveys, large N-
body simulations such as the Bolshoi simulation (Klypin
et al. 2011) and the Millennium Run Observatory (MRObs)
project (Overzier et al. 2013) are used to understand the un-
derlying physics of the structure formation in the Universe.
The N-body simulations (Bertschinger & Gelb 1991; Roet-
tiger et al. 1997; Springel et al. 2001; Borgani et al. 2002)
? E-mail: s.shakouri@vuw.ac.nz
have confirmed the findings of the large redshift surveys;
galaxies in the Universe form in large scales features known
as filaments, sheets, superclusters and cluster of galaxies
(Press & Schechter 1974; Geller & Huchra 1989; Gott et al.
2005). It is known that the interconnecting nodes of fila-
ments are the most common places to host galaxy clusters.
One of the remarkable results from the aforementioned
redshift censuses is the confirmation of the “hierarchical
model of cosmology” (Peebles 1980; Springel et al. 2006)
which is currently largely accepted as the best model to
explain large structure formation in the Universe. In this
model, smaller units e.g. galaxies and galaxy groups, come
together over a long period of time and merge to form larger
units such as galaxy clusters (Rose et al. 2002; Springel et al.
2005; Fassbender et al. 2011; Owers et al. 2011; Hess et al.
2015). According to this model of cosmology, merging of
galaxy clusters is a very common phenomena and might
happen multiple times during the life-time of galaxy clus-
ters. It is believed that cluster merging is a key parameter
in formation and evolution of galaxy clusters (Caldwell &
Rose 1997; Roettiger et al. 1998; Kravtsov & Borgani 2012).
Moreover, merging has a significant impact on cluster char-
acteristics such as velocity dispersion (den Hartog & Katgert
1996; Ribeiro et al. 2013), temperature (Briel & Henry 1994;
Bo¨hringer & Werner 2010), mass (Randall et al. 2002) and
properties of the constituent galaxies (Johnston-Hollitt et al.
2008a; Lidman et al. 2013; Pimbblet et al. 2013; Oogi et al.
2016). In addition, the hot, X-ray emitting gas which fills a
vast region in the central part of the clusters (also known
as Intra-Cluster Medium, ICM), is affected dramatically in
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the merging process via the powerful shocks (Markevitch
et al. 2002, 2005) and turbulence (Subramanian et al. 2006;
Brunetti & Lazarian 2007, 2011) resulting from the cluster
merger.
Merging of clusters often generates clumps of galaxies
within the cluster volume and this changes in galaxy volu-
metric density is known as “substructure” (Wesson & Ler-
mann 1977; Geller & Beers 1982). Detection of such struc-
ture is an important tool to infer the cluster’s dynamics and
morphology. The presence of substructure indicates that the
cluster is dynamically young and might be a signpost of an
ongoing or past merger event.
The dynamical status of a cluster is determined via the
optical spectroscopy of member galaxies and X-ray observa-
tions of the ICM. The brightness distribution of the X-ray
images in merging clusters are asymmetric and often ex-
hibit substructures (Jones & Forman 1984; Sarazin 1986).
However, it should be noted that the X-ray observations of
a cluster are merely useful to detect merging events in or
close to the plane of sky and are not sufficiently sensitive
to the merging activities occur along our line-of-sight (LOS)
(Johnston-Hollitt et al. 2008b; Owers et al. 2009). On the
other hand, optical observations of clusters carry informa-
tion about the merging not only happening in our LOS but
in most of the cases with various merging axes. Thus, the
combination of the optical and X-ray substructure analyses
of clusters is the most robust method to detect merging and
its primary axis in clusters (Owers et al. 2013; Pratley et al.
2013; Girardi et al. 2016).
In this paper, we present the results of new spectro-
scopic observations of the galaxy cluster Abell 3888 (A3888)
and undertake an optical substructure analysis of the clus-
ter. Identification of substructures in the galaxy clusters can
be performed in one, two or three dimensions using either the
radial velocity, spatial information or more comprehensively
taking into account the spatial and velocity information to-
gether. Thus there is a large variety of substructure tests
commonly used in analysis of clusters e.g. (Lee 1979; Fitch-
ett 1988; Ashman et al. 1994; Colless & Dunn 1996; Dressler
& Shectman 1988) However, detailed comparison of statisti-
cal substructure tests has shown that they do not have the
same sensitivity to structures in all clusters, mostly due to
the physical orientation of the cluster, as a result no single
test is adequate to properly characterise the dynamical sta-
tus of a cluster (Pinkney et al. 1996). It is thus typical to per-
form a number of tests on spectroscopic data to adequately
probe the dynamics of a system and this is the approach we
have adopted here. The paper is arranged as follows: Section
2 discusses the known properties of A3888, Sections 3 and
4 presents the AAOmega observations and data reduction.
Section 5 presents the new redshifts determined here, while
Sections 6 to 10 discuss the spectroscopic completeness, the
cluster membership and substructure analysis of the clus-
ter. Section 11 discusses newly detected fore and background
groups and clusters and Section 12 presents the discussion
and conclusions. In the following we assume the ΛCDM cos-
mology with H0=67 km s
−1Mpc−1, Ωm=0.32 and ΩΛ=0.68
(Planck Collaboration et al. 2014). At the redshift of A3888
1 Mpc = 6′.
2 PROPERTIES OF A3888
This cluster has been previously studied at different wave-
lengths in large surveys such as the Representative XMM-
Newton Cluster Structure Survey (REXCESS, Bo¨hringer
et al. 2007), the Las Campanas AAT Rich Cluster Survey
(LARCS, Pimbblet et al. 2006), the Local Cluster Substruc-
ture Survey (LoCuSS, Plagge et al. 2010) and is presented
in the Planck early results VIII (Planck Collaboration et al.
2011). Its X-ray properties have been reported in several
publications, for instance, Pratt et al. (2009) measured the
X-ray luminosity of the cluster and pointed out that A3888
is an X-ray luminous cluster with Lx,500 = 6.363× 1044erg
s−1 [0.1–2.4 keV] which indicates this is a massive cluster
with M500= 7.36 ×1014M (Pratt et al. 2010).1
Meanwhile, inconclusive X-ray sub-structure analyses of
A3888 have been carried out in multiple papers (Pratt et al.
2009; Bo¨hringer et al. 2010; Chon et al. 2012) variously re-
porting the cluster to be either relaxed or disturbed based
on the centroid shift and/or third order ratio values. Most
recently Weißmann et al. (2013) used a new morphology
estimator to identify disturbed or relaxed clusters finding
that A3888 was an intermediate cluster in terms of substruc-
ture with some local asymmetries confined to the core but
with the global properties consistent with a relaxed system
(Wießmann, private communication).
Additionally, A3888 has no central cD galaxy (Haarsma
et al. 2009), but rather is comprised of three brightest clus-
ter galaxies (BCGs), the middle of which is located 112 kpc
away from the X-ray peak position (Haarsma et al. 2010).
The lack of a cD galaxy and an offset of the BCG from the
X-ray peak of more than 42 kpc is often indicative of dynam-
ical interactions in a young cluster (Mann & Ebeling 2012).
Krick et al. (2006) scrutinised the intra-cluster light profile
(ICL) of A3888 and found that the ICL profile of this cluster
has a double exponential function which suggests that there
is ongoing dynamical activity in the centre of this cluster.
They pointed out the flux (within a certain aperture) of the
ICL is less that the predicted value for this massive system
and this finding indicates that A3888 is a dynamically young
cluster.
With the aim of studying the dynamics of the cluster
from an optical perspective, we searched the NASA Ex-
tragalactic Database (NED) in a one degree radius around
A3888 for available redshifts. There were 788 reliable spec-
troscopic redshifts available in the literature primarily from
the LARCS project (Pimbblet et al. 2006). The redshift of
the cluster is reported to be 0.1528±0.0003 based on 201
candidate member galaxies up to 16 Mpc away from the clus-
ter centre (Pimbblet et al. 2006). Despite the 201 possible
members, there were only 72 galaxies with reliable redshifts
1 It should be noted that there is a large discrepancy between
values of the reported X-ray luminosity of this cluster in the lit-
erature. Ebeling et al. (1996) stated the X-ray luminosity to be
14.5× 1044erg s−1 measured in the 0.1–2.4 keV band. Later on,
Reiprich & Bo¨hringer (2002) reported Lx = 10.51× 1044erg s−1
[0.1–2.4 keV] and finally Pratt et al. (2009) lowered it further to
Lx,500 = 6.363× 1044erg s−1. This discrepancy could be caused by
measuring the X-ray flux in different apertures and slight changes
due to using different cosmological parameters. For the purposes
of this work we choose to adopt the Pratt et al. (2009) value.
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in a 1 Mpc radius around the cluster. Due to the lack of
detailed optical substructure analysis in the literature and
the small number of available redshifts in the core of A3888,
we opted for new optical observations of A3888 with the
AAOmega spectrograph (Sharp et al. 2006) to perform an
optical analysis with the aim of achieving clear insight into
the morphology of the cluster.
3 AAOMEGA OBSERVATION OF A3888
We examined the Digitised Sky Survey (DSS) blue image
and found that roughly two thirds of the galaxies up to the
cluster’s Abell radius ( 1.72
′
zcl
= 12′) did not have measured
redshifts and the aforementioned redshift sample was not
isotropic in terms of coverage particularly in a 1 Mpc ra-
dius around the cluster. This anisotropy is not due to biased
sample selection in the previous observations but rather is
a result of the limitations of multi-object spectroscopy in
sampling the dense cores of galaxy clusters. Careful exam-
ination of the SuperCOSMOS catalogue, which has an as-
trometric accuracy of 0.3′′ and completeness of 90% up to
mb=21 (Hambly et al. 2001a), suggested that the majority
of the galaxies without measured redshift fall between blue
magnitudes of 18 and 21.5.
AAOmega is a fibre-fed spectrograph which provides
multi-object spectroscopy mounted at the Anglo Australian
Telescope (AAT). The spectrograph has 400 fibres covering
a two-degree field when projected on sky making it an ideal
instrument for examining the optical substructure in nearby
southern clusters. Each fibre has a 2′′ diameter when it is
projected on the sky and all fibres are placed by a robot. The
accuracy of locating the fibre on the target is about 0.3′′ on
the projected sky which is well matched to the SuperCOS-
MOS astrometry. During observations, eight guide star fibres
are used for accurate telescope positioning. AAOmega has a
dual beam which allows the observations of a wide range of
wavelengths.
Since the number of targets in the AAOmega spectro-
graph configuration input file should not exceed 800, we first
selected all the galaxies with 17.5 6 mb 6 21.5. In the next
step, we excluded all the objects with available redshifts (in
the NED) and then we sorted the remaining galaxies based
on their cluster-centric radius; as a result, there were 790
galaxies up to 30′ radius from the centre of the cluster. All
of the 790 galaxies were selected as our science targets.
Although there are only 400 optical fibres available on
the AAOmega spectrograph, for the sake of homogeneous
observations it is recommended to include between 500 and
800 science targets in the configuration file. This is partic-
ularly important when the centre of the field is over-dense
as the physical size of the fibre buttons prevents very close
galaxies from simultaneously being observed. This implies
one should have a larger number of targets and optimise ac-
cordingly using the field configuration software produced by
the observatory. For the 790 galaxies included in our configu-
ration file, the highest priority was given to the targets which
were inside the Abell radius (12′). Objects between 12′ to
25′ (4 Mpc) had the next priority and the remaining targets
between 25′ to 30′were given the minimum priority in the
configuration file. This thus produced a field configuration
which was biased towards galaxies within a 25′ radius of the
cluster. There was no priority assigned to objects based on
their magnitude with equal priority given to all objects up
to a blue magnitude of 21.5.
Previous spectroscopy of A3888 was primarily carried
out in the LARCS project in which the targets were selected
such that galaxies within certain radii of the cluster were
prioritised based on their absolute magnitude such that for
magnitudes R = 16.5 and Mv = -21.8 the highest priority
was given to objects within 30′ for which R < R(Mv + 1)],
next were objects within that same radius which had R(Mv
+ 1) < R < R(Mv + 3)] and finally objects more that 30
′
in radius with R < R(Mv + 1)]. Thus whereas the LARCS
selection was based on cluster-centric distance and absolute
magnitude, our selection was made based on the cluster-
centric distance only for objects up to a blue magnitude of
21.5.
Our new observations of the cluster A3888 were taken
on the 9th and 10th of May 2013 with the AAT in service
mode. A total integration time of three hours was observed
in half an hour blocks so as to reduce cosmic ray contam-
ination. The typical seeing was 1.5′′ to 2′′ for both nights.
A total of 337 optical fibres were allocated to the science
targets. There were 8 and 25 fibres allocated to guide stars
and sky positions, respectively and 30 fibres remained un-
allocated since some of them were broken or they had been
detached during the fibre un-crossing procedure. All the sky
positions were visually inspected using the DSS blue image
to ensure that there were no optical sources within a 5′′
radius around each of the sky positions. We used a low to
medium spectral resolution where the blue arm has a 580V
grating at the central wavelength of 4800A˚ and the red arm
has a 385R grating with the central wavelength 7250A˚. This
set of gratings provide a spectral resolutions of 3.5A˚ and
5.3A˚ at 4800A˚ and 7250A˚, respectively. The combined wave-
length coverage resultant from both arms was 3700–8800A˚.
This wavelength coverage allows detection of emission lines
such as Hα, Hβ, Hδ, Hγ, NII, SII , [OI], [OII] and [OIII],
and absorption lines such as H, K, G, Na I and Mg up to
redshift of ∼ 0.5 and it is well matched to the redshifts of
nearby clusters.
4 DATA REDUCTION AND REDSHIFT
DETERMINATION
The observatory staff performed the observations collecting
the required calibration files including bias, dark, arc and
flat field frames. The data were automatically reduced using
the AAO data reduction pipeline software “2dfdr” (Colless
et al. 2001). We briefly outline the calibration procedure
here. First, the bias image is generated during the reading
process of the CCD whilst it is not exposed to light over a
zero second interval to measure the inherent noise generated
by the CCD amplifiers. Next, a dark frame is taken when
the CCD is not exposed to light (shutter closed) but the
exposure time is identical to the exposure time of the ob-
ject frames (science image). Dark frames are usually used to
measure the thermal noise across the CCD array. Flat field
exposures are then taken and used to correct the photon
capture variation of the pixels across the CCD. Flat fields
are used to illuminate a CCD in a long exposure to generate
a calibration image with a very high signal-to-noise ratio. Fi-
MNRAS 000, 1–17 (2016)
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nally, CuAr, helium and FeAr arc lamp images are usually
used to generate spectral lines to calibrate the wavelength of
the object frames. In addition to above instrumental calibra-
tion issues, the sky itself also needs to be accounted for. Cos-
mic rays hit the CCDs during an exposure producing bright
patches which are accounted for with a sigma-clipping algo-
rithm within 2dfdr. Additionally, water vapour, O3 and O2
in the Earth’s atmosphere can cause significant imprints in
the target’s spectra by generating false absorption features
which are usually referred to as Telluric absorption spec-
tral lines. These absorption lines are dominant in near the
Infra-red (IR) and visible regions of the spectra. There are
also contaminating emission lines known as sky lines that
are mainly caused by NaI and OH in the atmosphere. The
2dfdr software calibrates and subtracts night sky lines (at-
mospheric emission and absorption lines) automatically for
each multi-object frame and for each arm separately. After
reducing each frame, all of the frames from each spectro-
graph were combined. Afterwards, the coadded frames for
the blue and red arms are spliced together.
This final reduced and spliced image can be used as an
input file to any spectroscopic redshift fitting software. In
this work, we used the “RUNZ” code to extract the redshifts
from our spectra.2
RUNZ measures two redshifts simultaneously employ-
ing two different methods:
• Emission line redshift: An individual redshift is mea-
sured by fitting a Gaussian to each emission feature in the
spectrum and the final redshift is assigned to an object by
calculating the mean value of the variance weighted mea-
sured redshifts.
• Cross-correlation redshift: This redshift is assigned to
each spectrum by employing the standard cross-correlation
technique (Tonry & Davis 1979). Here, each spectrum is
cross-correlated to a set of stellar and galaxy spectral tem-
plates. The redshift with the highest peak of the correlation
coefficient is considered as the final cross-correlated redshift.
The technique is primarily concerned with absorption fea-
tures, and the success of this method depends strongly on
the quality of the input templates.
The Sloan Digital Sky Survey data release 7 (SDSS DR7)
galactic and stellar spectroscopic templates were used in or-
der to determine the cross-correlated redshifts. In addition
to the estimated redshift, RUNZ also returns an automati-
cally assigned redshift quality flag “q” ( ranging from 1–5) to
describe the reliability of the estimated redshift. Redshifts
with q62 are considered unreliable, q = 3 is considered likely
and redshifts with q>4 are very reliable. For the qualitative
definitions of the automatic quality flags we refer the reader
to (Colless et al. 2001). All of the spectra were visually in-
spected to confirm the accuracy of the redshift measurement
and the software-determined redshift quality flag. The mea-
sured redshift (emission or absorption) with the higher qual-
ity flag was reported as the final redshift for each spectrum.
2 RUNZ was originally developed by Dr Will Sutherland with
the aim of using it in the two degree field Galaxy Redshift Survey
(2dfGRS, Colless et al. 2001). Currently, RUNZ is available and
maintained by to A/Prof. Scott Croom who kindly provided the
software to us.
K MG
NaGH
Hδ
H
K
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Hγ
H OIII
OIII N2
S2
S2
β αH
Figure 1. Two examples of reduced spectra are shown. Top
panel: An absorption line galaxy in the field with redshift quality
5. Bottom panel: An emission line galaxy in the field with red-
shift quality of 5. In each plot, the galaxy spectrum (black line),
residual spectrum after sky subtraction (green or light grey spec-
tra in the black and white version), sky spectrum (blue / dark
grey spectra) and the Telluric absorption spectrum (red or grey
horizontal line) are superimposed. The emission (solid orange or
medium grey vertical lines) and absorption (dotted green or light
grey vertical lines) features at the best fitted redshift are also
shown. The most intensive night sky emission lines are demon-
strated with dashed vertical magenta (medium grey) lines.
There was no spectrum with the same quality flags for both
the emission and the absorption measured redshifts.
In some cases for absorption redshifts, we assigned a
different redshift quality from the one which was assigned
by the RUNZ automatically. We manually assigned a quality
of 4 to redshifts where both H and K absorption lines were
present. In the case that H and K and at least one of the
other absorption line (Mg, Na, G, Hδ) were present, a quality
of 5 was assigned to the redshift. If merely H or K and at
least two of the other absorption lines were present a quality
of 4 was assigned. In the case that neither H or K were
present if all the other absorption lines were present then
the quality of 3 was given. In the case that only one or two
absorption lines (Mg, Na, G, Hδ) were present then a quality
of 2 was given to the redshift. In the case that no absorption
features were detectable then a quality of 1 was assigned. In
Figure 1, examples of emission and absorption spectra and
associated fitted lines from RUNZ are shown.
MNRAS 000, 1–17 (2016)
An Optical Analysis of A3888 5
5 REDSHIFT EXTRACTION RESULTS
Following the redshift extraction using RUNZ, we found that
41 objects of our 337 science targets were stars (88%) which
is consistent with the uncertainty level of the SuperCOS-
MOS star/galaxy classification, that Hambly et al. (2001b)
estimated to be ∼90% accurate down to mb = 21. A total
of 42 measured redshifts from objects with fairly faint blue
magnitudes (18.7 < mb < 20.5) were assigned q62 thus
they were not included in our analysis. Colless et al. (2001)
pointed out that the successful redshift determination rate
decreases significantly beyond mb = 19 and our detection
success rate (87.5%) is in agreement with their finding for
the entire 2dF Galaxy Redshift Survey. After the removal
of the misclassified stars and non-detected galaxies the re-
maining 254 targets observed here were classified as galaxies
with reliable redshifts. We have supplemented our redshift
sample with available redshifts in the literature. We searched
the NED up to one degree radius from the core of A3888 for
reliable spectroscopic redshifts. We then co-added our spec-
troscopic redshifts to the published redshifts to build a final
redshift sample containing 1027 spectroscopic redshifts.
Table 1 presents the details of the new spectroscopic
redshifts obtained by AAOmega and presented in this work.
We note that despite the fact that we excluded the objects
with available redshifts in the literature in our configura-
tion file, ultimately we still had 15 galaxies in common be-
tween our AAOmega observations and the LARCS project.
We find that this was because the reported positions in the
NED have more than a 3′′ separation from the reported po-
sitions in SuperCOSMOS and thus, they were missed in the
cross matching process. The list of the common objects be-
tween our AAOmega observation and the LARCS are given
in Table 2.
For cases where an object had two redshift measure-
ments, our redshift was chosen if q>4 otherwise the redshift
from the literature was used in our analysis. For all such
galaxies, the DSS blue image was visually inspected to en-
sure that the cross-matching process did not conflate two
separate objects and they were indeed true cross-matches.
Figure 2 shows the consistency between our extracted red-
shifts and the redshifts from the literature (for our 15 com-
mon redshifts). The plot shows that the majority of our
common redshifts are in good agreement with the published
redshifts.
A colour-coded histogram of the combined redshifts
from the final catalogue in a one degree radius around A3888
is shown in Figure 3. The redshift distribution clearly shows
the existence of seven distinct populations around A3888.
The populations span the redshift range 0.0001–0.4580. The
redshift range associated with each population was deter-
mined based on conspicuous gaps in the redshift histogram.
In Table 3, the redshift range and the number of galaxies in
each of identified velocity groups in the combined AAOmega
and literature redshift sample are shown.
6 SPECTROSCOPIC REDSHIFT
COMPLETENESS
Completeness of our redshift sample was determined by cal-
culating the ratio of galaxy number density in the com-
3 3.5 4 4.5 5 5.5 6 6.5 7 7.53
3.5
4
4.5
5
5.5
6
6.5
7
7.5
AAOmega (  km/s)
 km
/s)
LA
RC
S (
Figure 2. Common objects between the AAOmega observations
and the literature, the error bars are not shown due to being
smaller than the size of the dots on the plot (the error mean value
is about 0.0003 in z or 90 km/s). The solid line is the one-to-one
relation.
0 0.1 0.2 0.3 0.4 0.50
10
20
30
40
50
Redshift
N
A3888 and outskirts
Figure 3. The colour-coded redshift histogram of the combined
redshifts (AAOmega + literature) in a one degree radius around
the core of A3888. According to this plot, there are seven distin-
guishable populations up to the redshift of 0.35. See Table 3 for
details.
bined redshift catalogue (AAOmega+literature with the up-
per limit of mb = 21.32) to the number density of galaxies
with available blue magnitudes in the SuperCOSMOS cat-
alogue which is 90% complete up to blue magnitude of 21.
There were 937 galaxies out of 1027 galaxies in our redshift
sample which had available blue magnitude in the Super-
COSMOS catalogue. The final spectroscopic completeness
was scaled by multiplying the ratio of the number of red-
shifts with available blue magnitude to the total number of
available redshifts. Figure 4 shows the cumulative spectro-
scopic completeness of our final redshift sample as a function
of blue magnitude. As it is expected, the spectroscopic com-
pleteness decreases whilst the blue magnitude cut increases
MNRAS 000, 1–17 (2016)
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Table 1. Details of the objects observed with the AAOmega. Columns 1 and 2 give the J2000 coordinates of the object, Columns 3 and
4 give the redshift and its uncertainty, Column 5 is the quality flag, Column 6 is the spectral lines detected, Columns 7 gives the spectral
type and finally Column 8 is the blue magnitude from the SuperCOSMOS catalogue. This Table presents the first 10 lines and the full
table of 254 galaxies will be available online.
RA Dec z error Quality Spectral lines Spectral type Blue mag
22 32 02.41 -37 52 50.48 0.19935 0.00016 5 OII,Hα,N2,S1,S2,Hβ Em 18.96
22 32 08.90 -37 38 53.20 0.16385 0.00016 5 H,K,Hδ,G,Na Abs 19.46
22 32 11.88 -37 43 11.60 0.20863 0.00013 5 OII,Hα,N2,S1,S2,Hβ,OIII Em 19.35
22 32 15.43 -37 37 23.34 0.03880 0.00010 5 OII,Hα,N2,S1,S2,Hβ,OIII Em 17.57
22 32 16.22 -37 52 27.08 0.07337 0.00010 5 OII,Hα,N2,S1,S2,Hβ,OIII Em 18.64
22 32 19.76 -37 41 35.63 0.03838 0.00016 5 OII,Hα,N2,S1,S2,Hβ,OIII Em 20.07
22 32 20.90 -37 42 53.93 0.38120 0.00011 5 OII,Hα,N2,S1,S2,Hβ,OIII Em 19.09
22 32 21.10 -37 55 55.02 0.14667 0.00015 5 OII,Hα,S1,S2,N2 Em 19.22
22 32 21.34 -37 30 30.92 0.20933 0.00013 5 OII,Hα,N2,S1,S2,Hβ,OIII Em 18.97
22 32 21.54 -37 51 09.72 0.03188 0.00017 5 OII,Hα,N2,S1,S2,Hβ,OIII Em 19.40
Table 2. List of common observed galaxies. All the common
galaxies were also observed in the LARCS project.
RA (J2000), Dec(J2000) zAAOmega zerr zLARCS zerr
22 32 29.7 -37 37 34 0.13942 0.00025 0.13973 0.00140
22 33 13.3 -37 46 54 0.13993 0.00027 0.13933 0.00260
22 33 19.5 -37 42 12 0.13133 0.00031 0.13182 0.00056
22 33 42.0 -37 45 45 0.15194 0.00022 0.15213 0.00050
22 33 54.4 -37 42 34 0.14702 0.00036 0.14696 0.00011
22 34 16.8 -37 49 13 0.15162 0.00033 0.15140 0.00007
22 34 22.5 -38 03 38 0.12511 0.00058 0.12546 0.00010
22 34 42.3 -37 22 40 0.20857 0.00058 0.20890 0.00110
22 34 45.2 -37 39 51 0.15590 0.00037 0.16223 0.00009
22 34 49.7 -37 29 52 0.14086 0.00016 0.14505 0.00010
22 34 49.9 -37 47 50 0.15250 0.00039 0.15282 0.00020
22 35 27.0 -37 25 42 0.12576 0.00005 0.12570 0.00096
22 35 45.3 -37 21 23 0.14065 0.00042 0.14491 0.00060
22 36 03.9 -37 39 09 0.20138 0.00016 0.20208 0.00120
22 36 19.5 -37 38 30 0.19754 0.00016 0.19740 0.00230
Table 3. Details of the velocity groups and number of galaxies
in each redshift slice in a one degree radius around A3888. The
largest structure in velocity is clearly A3888 and its outskirts with
469 member galaxies and an extent of ∼10 Mpc in radius.
Redshift Range Ngal
0.0001 – 0.0108 8
0.0284 – 0.0475 80
0.0530 – 0.0875 163
0.0880 – 0.1190 67
0.1200 – 0.1850 469
0.1850 – 0.2220 156
0.2230 – 0.4580 84
from top left to bottom right. In some regions the complete-
ness increases, however this unexpected behaviour has been
previously seen in other works. For instance, Owers et al.
(2011) presented the completeness of the spectroscopic ob-
servation of Abell 2744 with the AAOmega and they have
observed the same behaviour in some regions. This is sug-
gestive of an anisotropic redshift coverage as a function of
magnitude.
Figure 4 also shows that the completeness decreases
whilst moving radially outwards which is in agreement with
giving a low priority to the outermost regions which are
considered as the outskirts of A3888 in our AAOmega con-
figuration procedure. In Figure 5 the left plot shows the cu-
mulative spectroscopic completeness as a function of radius
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Figure 4. Spectroscopic completeness map of A3888. Top left
panel: spectroscopic completeness in mb 6 18. Top right panel:
completeness in mb 6 19. Bottom left panel: completeness in
mb 6 20. Bottom right panel: completeness in mb 6 21. Black
cross shows the position of A3888 and the black circle shows a
region with radius of 2 Mpc around A3888.
from the core of A3888. According to this plot the complete-
ness is above 30% in all radial bins for all magnitude ranges.
The low completeness value in the first radial bin of 500 kpc
from the cluster core indicates that the central region of the
cluster was extremely over-dense and AAOmega was unable
to cover the very dense cluster core due to the physical size
of the fibre buttons 3′′, ∼2.77 kpc at the redshift of cluster)
and the minimum required fibre separation of 30
′′
. The right
plot in Figure 5 shows the redshift completeness in different
magnitude bins within a 3 Mpc radius from A3888. This
plot shows that the spectroscopic completeness is at least
38% within a 3 Mpc radius from the core of A3888 in all
magnitude bins whilst the magnitude is brighter than mb =
20.5.
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Figure 5. Left panel: cumulative spectroscopic redshift completeness in radial bins of 500 kpc. Right panel: spectroscopic redshift
completeness as a function of magnitude within a 3 Mpc radius from the cluster core.
7 CLUSTER MEMBERSHIP
Decades of optical observations of galaxy clusters have re-
vealed that the majority of galaxy clusters host a single or
multiple substructures allowing a broad classification as ei-
ther dynamic or relaxed systems, respectively. The presence
of substructure in a cluster is likely indicative of ongoing dy-
namical interactions. Substructures may be formed through
the infall of individual galaxies or galaxy groups into a re-
laxed cluster or during the merging of two or more entire
galaxy clusters. According to theoretical studies and sim-
ulations of galaxy clusters, member galaxies of virialised
clusters are expected to exhibit a well-behaved Gaussian
velocity distribution (Owers et al. 2009). Therefore, any
sign of non-Gaussian behaviour in the velocity distribution
can be a signpost of certain conditions such as existence of
fore/background interloper galaxies and more importantly,
substructure in the cluster (Pinkney et al. 1996; Owers et al.
2009). However, it should be noted that a well established
single Gaussian in velocity distribution does not necessarily
indicate that the cluster is in dynamical equilibrium (Owers
et al. 2009). For instance, the cluster Abell 3667, which has
been well studied in the past, is known to be a highly dis-
turbed cluster, however Johnston-Hollitt et al. (2008b) and
Owers et al. (2009) pointed out that this cluster has a well
described Gaussian velocity distribution as measured along
the line of sight, transverse to the known plane of the sky
merger axis.
Additionally, interlopers may cause non-Gaussian be-
haviour in the velocity distribution which can be mistaken
as true substructure (Owers et al. 2009). Hence, it is imper-
ative to minimise fore/background galaxy contamination in
the cluster field. To achieve this, spatial and LOS peculiar
velocity distributions of galaxies are used solely or in a com-
bined manner to determine the cluster members before any
further substructure analysis is under taken.
The interloper rejection and cluster member selection
for A3888 was performed combining two methods: a Density-
Based Spatial Clustering of Applications with Noise (DB-
SCAN) algorithm (Ester et al. 1996) and the caustic tech-
nique (Diaferio & Geller 1997).
7.1 DBSCAN Clustering Algorithm
The initial cut of the foreground and background galaxies
(see Section 5) was carried out by identifying the velocity
gaps in the redshift histogram. Further outlier removal was
performed by employing the DBSCAN method. This tech-
nique has been recently used in different fields of Astro-
physics to statistically aggregate data in complex, irregu-
larly sampled datasets, for instance Tramacere & Vecchio
(2013) and Carlson et al. (2013) adopted it in analysing the
Fermi-LAT gamma ray datasets. More recently Dehghan &
Johnston-Hollitt (2014) used this method to detect and allo-
cate members to the galaxy groups and clusters in the Chan-
dra Deep Field-South (CDFS) demonstrating the power of
this technique for detecting large-scale structure and its sub-
components. We used the DBSCAN function of the open
source package fpc (“fixed point clusters”) implemented in
the Comprehensive R Archive Network (CRAN). The DB-
SCAN function in this package follows the procedure intro-
duced by Ester et al. (1996).
The DBSCAN technique requires two user-defined in-
put parameters: the minimum number of points (MinPts)
which defines the minimum accepted number of the struc-
ture members, and the neighbourhood radius to search for
the members associated with each structure (Ester et al.
1996). All of the data points have a classification as core,
border or noise. This method is mainly based on calculat-
ing the density of individual data points in the sample. The
number of all data points within the radius “Eps” is referred
to as the density of that particular point. In the calculation
of the density, the data point, itself, should be taken into
account (Ester et al. 1996). In the case that the number
density of a point is greater than MinPts, that point is con-
sidered as a core point. A border point is not a core point
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Figure 6. The sorted k-dist plot with k=6. The zoomed inset
shows the change in the slope of this k-dist graph. The values
which are corresponding to strong changes in the slope are used
as the Eps values for the DBSCAN algorithm. The vertical axis
has units of degrees and the horizontal axis has no physical unit.
The 6-dist sorted plot shows an abrupt change around Eps= 0.027
(∼ 270 kpc at redshift of cluster) and accordingly, the detected
structures had proper scales.
but it is still within the Eps radius vicinity of a core point
and has lower number density value. The points which are
not in the Eps radius proximity of the core points are clas-
sified as noise. All the steps in the DBSCAN procedure are
described below:
(i) An arbitrary data point is chosen as a starting point.
If the density of that point exceeds the MinPts value, then
that point is considered as a core point, otherwise another
non-classified data point will be retrieved and the same pro-
cedure is repeated. Once all the core points are found, the
process finds the border and noise points until all the core
and border points are classified. Then, all the noise points
will be removed from the sample and will not be further
involved in processing.
(ii) An arbitrarily core point is chosen and is allocated
to the first structure. Then, any core point in the Eps-
neighbourhood of that core point is also allocated to the
first structure. This process recursively searches for other
non-allocated core points within the Eps radius around each
core point and allocates them all to the first structure. This
procedure is repeated till all the border points in the Eps-
neighbourhood of allocated core points are also allocated to
the first structure. The process is halted when there are no
core or border point left to be assigned to the structure.
(iii) A new core point which is not a member of any pre-
detected cluster is retrieved and step 2 is repeated and fur-
ther clusters are discovered.
(iv) All the steps are repeated until all the data points
are assigned to a cluster.
The DBSCAN method has some advantages over the
widely used Gaussian mixture model clustering algorithm
in which velocity groupings are identified by determining a
combination of various fitted Gaussians to the dataset (Ash-
man et al. 1994). The Gaussian mixture clustering approach
requires an initial guess of the total number of groupings
and the mean of each fitted Gaussian distribution. How-
ever, DBSCAN does not need a prior guess of the number of
structures. In addition, DBSCAN is not restricted to detect
any particular symmetric shape for the groupings. However,
the initial estimate of input parameters (MinPts, Eps) can
broadly affect the detected structures by DBSCAN. To avoid
blind guessing of the input parameters, Ester et al. (1996)
suggested to use a so called k-dist plot to choose the Eps
value.
The k-dist plot can be constructed following two steps:
1) the distance to the kth (k = MinPts-1) nearest neigh-
bour for each data point is calculated, 2) the distance values
should be sorted in descending manner and plotted. Since
the k value is MinPts-1, choosing a k 6 6 leads to detection
of many false groups with a small number of members. The
best Eps value is the one where the k-dist plot shows an
abrupt change in the slope. The physical meaning is such
that all the objects on the right side of the chosen Eps value
are considered as core points. Thus, choosing a very small
Eps value leads to less detected structures whereas large
Eps values tend to merge separate objects. We have exam-
ined all the possible Eps values with fixed MinPts=7 in the
DBSCAN application and found that Eps= 0.027 (∼ 270
kpc at redshift of A3888) is the value of interest and corre-
sponds to structures with physical scales e.g. galaxy groups.
Figure 6 shows the sorted 6-dist plot.
7.2 Caustic Technique
In order to use the information of peculiar velocity of the
galaxies in our cluster member selection procedure, the caus-
tic technique was used alongside the DBSCAN application.
For this purpose, we used the CAUSTIC APP, an open
source application initially developed by Ana Laura Serra
(Serra 2014).
Serra & Diaferio (2013) pointed out that “the caustic
technique (Diaferio & Geller 1997; Diaferio 1999, 2009; Serra
et al. 2011) identifies the escape velocity profile of galaxy
clusters from their centre to radii as large as 3R200”
3. This
radius is considered as the point in the cluster outskirts right
before the warm-hot intergalactic medium (WHIM) domi-
nates the region (Reiprich et al. 2013). It is believed that
the WHIM is the remaining hot gas from galaxy formation
activities in the past (Reiprich et al. 2013).
The caustic method has been extensively employed to
estimate the mass profile of galaxy clusters at distances
much larger than the virial radius (≈ R200) (Regos & Geller
1989; Diaferio 1999; Rines & Diaferio 2006; Serra et al.
2011). However, this method is also a valuable technique
to trace the imprints of the gravitational potential well of
the galaxy cluster at radii up to few megaparsecs.
Galaxy clusters lie at the knots of filaments of galaxies
in the cosmic web. Since gravity is a long-range acting force,
galaxies at much larger distances of the order of 10 Mpc
will still be affected by the gravity of the cluster (Diaferio
& Geller 1997). During mass accretion in the outskirts of
the clusters, galaxies are accelerated by the cluster grav-
itational potential and consequently fall into the cluster.
3 R200 is defined as the radius of a sphere where the average
density is 200 times the current critical density of the Universe.
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The aforementioned galaxies ultimately become a gravita-
tionally bound member of the parent cluster. This process
creates a characteristic trumpet-shaped escape velocity pro-
file/putative caustic profile for all the galaxies which are
interacting with the gravitational potential well of the clus-
ter (Kaiser 1987; Regos & Geller 1989; van Haarlem & van
de Weygaert 1993).
The principal assumption in the caustic method is that
clusters are spherical and symmetric systems, however, the
cluster’s morphology does not affect the caustic profile. The
amplitude of the caustics, A(r), is a combination of escape
velocity profile and the velocity anisotropy parameter, β(r),
which is given by:
β(r) = 1− (〈v2θ〉+ 〈v2φ〉)/2〈v2r〉 (1)
where vθ, vφ and vr are longitudinal, azimuthal and radial
component of the galaxy velocity in the volume dr3 at posi-
tion r (Diaferio & Geller 1997). The average squared velocity
of galaxies in a sphere with radius r is:
〈v2〉 = 〈v2LOS〉g(β) . (2)
where vLOS is the line of sight component of the galaxy
velocity and
g(β) =
3− 2β(r)
1− β(r) . (3)
The escape velocity at the radius r is 〈v2esc(r)〉 = -2φ(r)
where φ(r) is the gravitational potential. If we assume that
the caustic amplitude, A(r), is the LOS component of the
escape velocity A2(r) = 〈v2esc,LOS〉 then we have:
−2φ(r) = A2(r)g(β) ≡ φB(r)g(β) . (4)
This equation shows that the caustic amplitude, A(r), is
related to the potential well of the cluster .
To estimate A(r), three major steps should be followed
(Serra et al. 2011):
(i) Construction of a hierarchical tree based on the calcu-
lation of projected binding energy for each pair of galaxies,
presumed to have identical mass.
(ii) Determining a threshold to terminate the growth of
the hierarchical tree and find the candidate cluster members.
(iii) Calculating the cluster centre, galaxy number den-
sity, caustic profile and determining optimal cluster mem-
bers.
At first, the projected pair-wise binding energy of all of the
galaxies pairs are used to create a hierarchical tree. In the
second step, a threshold should be determined to cut the
tree.
Diaferio (1999) explained that in the hierarchical tree,
there is a main branch that starts from the root and links
“nodes”being places where galaxies are hanging. Each group
of galaxies hang from nodes that have a velocity disper-
sion σn. The distribution of velocity dispersions of the nodes
shows a characteristic feature which is used to determine the
cutting threshold. The velocity dispersion σn begins to drop
significantly due to less interloper contamination and then
the velocity dispersion begins to flatten until it reaches a
node associated with internal structures after which it shows
a significant drop. Diaferio (1999) mentioned that most of
the galaxies hang from node where the “σ plateau” begins,
are defined as candidate cluster members. In the last step,
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Figure 7. The caustic profile for A3888 (pink solid lines). The
red (dark grey) dots show the cluster members defined by the
caustic technique. The grey dots are the interloper galaxies which
are not gravitationally bound to A3888.
the cluster centre and the galaxy density is calculated to
estimate the LOS caustics. The caustic profile of A3888 is
shown in Figure 7. Red (dark grey) dots represent the de-
termined cluster members which reside within the caustics.
The other galaxies in grey are not gravitationally bound to
A3888.
The caustic technique measures the escape velocity pro-
file which can be used as a cluster member allocation tool in
the dynamical analysis of the clusters (e.g. Owers et al. 2013,
Rines et al. 2013 and Owers et al. 2014 ). The caustic pro-
files of clusters carry invaluable information about each of
the galaxies in the field of cluster. The position of individual
galaxies in the caustic profile reflects the time when infall
towards the cluster started. Galaxies which are passing the
cluster core for the first time have higher caustic amplitudes
due to acceleration whereas galaxies which have accreted at
the same time that the core of the cluster was forming, tend
to be closer to the cluster centre and have lower caustic am-
plitudes (Haines et al. 2012). The results of the DBSCAN
and caustic technique applications are presented in the fol-
lowing sections.
8 STRUCTURES IN THE MAIN
POPULATION OF A3888
The colour-coded redshift histogram of the galaxies in a
one degree radius around A3888, revealed that members of
A3888 fall in the range of 0.12 < z < 0.0185. In Section 7,
we explained how the DBSCAN and caustic techniques were
used to constrain the interlopers in the galaxy member selec-
tion process. These methods allowed us to utilise both red-
shift and position information to determine the most prob-
able member candidates of A3888.
Firstly, the DBSCAN method was applied to the data
in the redshift range 0.12 – 0.0185 and consequently, 77 can-
didate galaxy members were identified. Further refinement
with the caustic method shrunk the number of cluster mem-
bers to 67 galaxies. In order to verify that the final results
were not affected by the order of application, the reverse
order (caustic-DBSCAN) was also examined. In the reverse
order, the caustic technique was first applied to the data
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Figure 8. The isoline plot of the groups and cluster A3888
detected by the DBSCAN method. The contours start at 10%
and continues in 10% interval to 90%. Dots labelled from 1–5
represent the main cluster A3888 and galaxy groups 2, 3, 4 and
5. See Table 4 for more details.
and 146 galaxies were identified as member candidates of
the cluster A3888. Then, the DBSCAN method was ap-
plied to the caustic method results and 65 galaxies were
identified as the final candidate members of A3888. There
were 61 galaxies in common in both orders of applications,
four extra galaxies were detected in the caustic-DBSCAN
order and six further galaxies in DBSCAN-caustic order. Be-
cause the caustic-DBSCAN order is more conservative than
the reverse order (DBSCAN-caustic) we combined both re-
sults and consequently the total number of candidate galaxy
members increased to 71.
In addition, the DBSCAN method detected four other
galaxy groupings in the redshift range of A3888. The iso-
line plot of the cluster A3888 and the four detected galaxy
grouping are shown in Figure 8. In the following discussion,
details of A3888 and other detected structures in redshift
slice 0.12 – 0.0185 are given and the five structures are also
shown on Figure 8 as numbered groups of coloured points.
We have used a method presented by Beers et al. (1990)
to estimate the redshift and velocity dispersion of the de-
tected structures. All the reported confidence intervals are
calculated based on α=0.05 (95% confidence level). In Ta-
ble 4 details of the detected groups such as the rest frame
velocity dispersion, and observed redshift are given.
• Structure 1
This is the main cluster, A3888 with 71 members. The mem-
bers are the combined resultant galaxies of caustic-DBSCAN
and DBSCAN-caustic applications. The presence of an elon-
gation along a East-West axis might be indicative of sub-
clustering in A3888. The estimated average redshift and rest
frame velocity dispersion of the cluster were calculated as
0.1535 ± 0.0009 and 1181 ± 197 km s−1, respectively. De-
tails of further substructure tests for the main cluster are
given in Section 9.
• Structure 2
This is a galaxy over-density located in the far North of
A3888 and has 7 candidate members at a mean redshift
0.1406. This group was previously reported as a cluster can-
didate () by Pimbblet (2001) based on the redshift mea-
surements of 5 galaxies. However, due to the small number
of members, low rest frame velocity dispersion of 338 km
s−1, and lack of an obvious cD galaxy we classify this as a
group. The caustic method showed that the galaxy members
of this group are not located between the caustics of A3888.
Thus, this group is not gravitationally bound to the cluster.
• Structure 3
This is a galaxy group in the North of cluster A3888 with 5
candidate members. The estimated mean redshift and rest
frame velocity dispersion are 0.1411 and 164 km s−1, respec-
tively. Using the caustic method revealed that the galaxies in
this group are not gravitationally bound to the main cluster
A3888.
• Structure 4
This structure with 9 members has two distinct velocity dis-
tributions and consequently, the rest frame velocity disper-
sion at mean redshift of 0.1529 was estimated as 1025 km
s−1 which is considerably higher than the expected velocity
dispersion of galaxy groups (400–500 km s−1). Additionally
a visual inspection of the DSS red and blue images failed
to suggest a real mass concentration. As a result we believe
this is not a real structure, but rather a false grouping.
• Structure 5
This is a false positive structure featuring a sporadic veloc-
ity distribution. There is no evidence of Gaussianity in the
velocity distribution. This suggests that this detection is en-
tirely contaminated by projection effects of galaxies which
are distributed in a large redshift slice. The estimated mean
redshift and rest frame velocity dispersion were 0.1603 and
3232 km s−1, respectively and again a visual inspection of
the DSS images found no evidence of a real group.
In Figure 9 the spatial distribution of the member galax-
ies of A3888 and the detected galaxy groups (structures 2
and 3) are shown. The background image is the DSS blue
image.
9 SUBSTRUCTURE TEST OF A3888
In Figure 10 the redshift histogram of the 71 final clus-
ter member candidates is plotted. A departure from Gaus-
sianity is evident around redshift 0.157. In order to verify
that this peak in the histogram is statistically significant,
we performed a Lee-Fitchett (Lee 1979; Fitchett 1988) 3D
substructure test using the CALYPSO package (Dehghan
& Johnston-Hollitt in prep.). A clipping procedure in the
software has automatically rejected four of our 71 candi-
date member galaxies. According to the substructure test
result, A3888 is bimodal. The substructure significance was
99.8±0.2% (99.00% confidence level) which is equivalent to
a 3.16-sigma detection. However, due to the relatively low
redshift sampling of the region, this result is likely subject
to change as more redshifts become available in the future.
Figure 11 shows the results of the Lee-Fitchett 3D test for
A3888. The detected subgroups named G1 and G2 have av-
erage redshifts of 0.1505 and 0.1566, respectively. The rest
frame velocity dispersion of G1 and G2 were measured as
853±203 and 784±207 km s−1 at 95% confidence level. No-
tably the cluster is split into the two subgroups along the
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Table 4. Details of the detected galaxy groups and the cluster A3888 in the main population. All of the detected structures are in
the redshift range of 0.12 – 0.185. The upper and lower limits of the redshift and rest frame velocity dispersion represent the estimated
α=0.05, 95% confidence intervals.
Structure ID Ngal z σv,rest[km s
−1] Coord Comment
1 71 0.1535+0.0009−0.0009 1181
+197
−197 22 34 31.01 -37 44 06 Cluster A3888
2 7 0.1406+0.0011−0.0011 338
+386
−126 22 34 52.01 -37 30 21 Galaxy group
3 5 0.1411+0.0008−0.0008 164
+305
−66 22 34 48.52 -37 39 20 Galaxy group
4 9 0.1529+0.0037−0.0037 1025
+402
−402 N/A False galaxy group
5 7 0.1603+0.0108−0.0111 3232
+301
−1978 N/A False galaxy group
Galaxy group 2
Galaxy group 3
A3888
Figure 9. Distribution of member galaxies of cluster A3888 and
the two detected groups (Structures 2 & 3). A3888 and galaxy
groups 2 and 3 are demonstrated with green (light grey), red
(medium grey) and blue (black) open circles, respectively, on the
DSS blue image.
Table 5. Details of the detected substructures in A3888.
Groups Ngal z σv,rest[km s
−1]
G1 41 0.1505±0.0010 853±203
G2 26 0.1566±0.0013 784±207
same East-West axis as the overall density elongation. Ta-
ble 5 gives the properties of the two subgroups detected here.
We stress that the cumulative redshift coverage is only
up to 30% within 1.5 Mpc radius around the cluster where
the 71 candidate members reside. Thus, this substructure
test is subject to change with improved spectroscopic red-
shift sampling of the region.
10 MORPHOLOGICAL CONTENT OF A3888
We have used the spectral atlas of galaxies presented by Kin-
ney et al. (1996) to determine the morphology of the galaxies
Figure 10. Redshift histogram of the 71 possible members of
A3888 shown with a bin width of 540 km s−1. A departure from
Gaussianity is evident around z∼ 0.157.
in our AAOmega sample throughout the redshift determina-
tion by RUNZ. All sets of ASCII templates cover the ultra-
violet to near infra-red spectral range with the wavelength
range of 1235–9935A˚. These spectral templates are ideal to
identify various galaxy morphologies from elliptical to late
type spirals. The full details of the templates for different
galaxy morphology are found in Kinney et al. (1996). All
of the spectra were visually inspected to confirm the galaxy
morphologies determined by RUNZ. We have also used the
spectrophotometric atlas of galaxies presented by Kennicutt
(1992) to compare our spectra with the reference spectra
provided in this atlas. We found that the majority of our
observed galaxies across the field of AAOmega were late-
type spirals (Sb and Sc). However, these spiral galaxies were
mainly field galaxies scattered in various redshift slices. As
it is expected, most of the early type galaxies were found
in the over-dense regions particularly within a 1 Mpc radius
around the core of A3888.
Understanding the evolution of early/late type galaxies
in clusters has been one of the major interests in optical as-
tronomy. Recent large spectroscopic surveys (see Section 1),
have provided an ideal opportunity to explore the morpho-
logical content of galaxy clusters and probe their evolution.
For instance, Goto et al. (2003) studied 514 galaxy clusters
in the redshift range 0.02 < z < 0.3 from the SDSS. Accord-
ing to their findings, the fraction of blue galaxies at the red-
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Figure 11. Results of the Lee-Fitchett 3D substructure test of A3888. The cluster is bimodal and the two subgroups are denoted as
G1 in red (light grey) and G2 in blue (dark grey). Left plot: histogram of all the members, G1, and G2 are shown with black, red (light
grey), and blue (dark grey) lines, respectively. The estimated redshift and rest frame velocity dispersion for G1 and G2 are given in red
and blue (light and dark grey), respectively. Right plot: Spatial distribution of the detected groups G1 and G2. The number of candidate
members of G1 and G2 are shown in red and blue (light and dark grey), respectively.
shift of A3888 (z = 0.1535) should be around 15%. Later on,
Poggianti et al. (2009) investigated the correlation between
morphological content of clusters with the cluster’s global
properties such as X-ray luminosity and velocity dispersion.
They studied the Wide-Field Nearby Galaxy-cluster Survey
clusters (WINGS) extensively to examine the effect of clus-
ter properties and environment on the evolution of different
galaxy morphology in clusters. WINGS is a multi wavelength
photometric and spectroscopic survey of 77 galaxy clusters
at 0.04 < z < 0.07 (Fasano et al. 2006). They additionally
used 15 high-redshift clusters in former publications to ac-
curately quantify any observed correlation. Poggianti et al.
(2009) found that in general, at lower redshifts the morpho-
logical content of galaxy clusters are 23:44:33 corresponding
to spiral, S0 and elliptical galaxies respectively. Moreover,
they found that the spiral fraction of galaxy clusters, in-
versely correlates with the X-ray luminosity of the parent
cluster.
To expand our optical analysis of A3888 and to shed
light on the discrepancy associated with the X-ray luminos-
ity, we have investigated the morphological content of A3888
and also verified the location of A3888 with respect to cur-
rent proposed correlations between the morphological seg-
regation in clusters and the global properties of the parent
cluster. Since the majority of redshifts of candidate mem-
bers of A3888 come from the spectroscopic observations in
the LARCS project (Pimbblet et al. 2006), we used the B-
R colour reported in the LARCS spectroscopic catalogue to
derive the spectral typing of the galaxies in our final red-
shift sample. This treatment has allowed us to supplement
our AAOmega spectral typing information to determine the
morphological fraction of the cluster A3888. Pimbblet et al.
(2006) reported that the colour of the emission and absorp-
tion line galaxies are (B-R)< 1.6 and (B-R)> 2 respectively
in their sample, thus galaxies with B-R colour between 1.6
and 2 could be either an absorption or an emission line.
In total, the 71 candidate members of the cluster were
comprised of 9 emission line galaxies, 43 absorption line
galaxies, 7 galaxies with 1.6 <B-R< 2 in the LARCS cata-
logue and the remaining 12 members had no morphological
or spectral typing data available in the literature. Thus of
the 52 galaxies with confirmed morphological types, ∼ 17%
(9/52) are emission line galaxies and ∼ 83% (43/52) are
absorption line objects. Additionally, for the 19 remaining
galaxies (12 without morphological information and 7 with
1.6 <B-R< 2) one could assume these could be 100% emis-
sion or absorption line to derive the upper and lower limits of
morphological content of the cluster. According to these as-
sumptions the estimated emission and absorption fractions
are 0.170.400.13 and 0.83
0.88
0.60, respectively. In Figure 12, the two
top plots show the correlation between the X-ray luminosity
of the parent cluster and the morphological content of the
cluster as the fraction of galaxy morphological type in (Pog-
gianti et al. 2009). The location of A3888 is marked with a
red filled dot with errors from the limits of the morphological
fraction described above. The bottom plots indicate the cor-
relation between the rest frame velocity dispersion and the
morphological fraction of the clusters. As can be seen from
the plot, the morphological content of A3888 is in agreement
with the results derived by Poggianti et al. (2009). Although
our redshift coverage is not similar to aforementioned galaxy
cluster surveys, our results suggest that the morphological
fraction of galaxies in A3888 are in line with the predicted
values in large surveys. Additionally we see that the posi-
tion of A3888 obtained using the X-ray luminosity of Pratt
et al. (2009) is consistent with known cluster properties and
using either of the previously reported Lx values moves the
position of the cluster to a less consistent position. However,
we note that the uncertainties on the morphological content
make this only a weak argument. Nevertheless it does lend
further credence to the X-ray luminosity derived by Pratt
et al. (2009).
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Figure 12. Top panels: the morphological fraction correlation
with the X-ray luminosity of the parent cluster is shown with
a blue line (Poggianti et al. 2009). Bottom panels: the morpho-
logical fraction correlation with the cluster’s rest frame velocity
dispersion is shown with a blue line (Poggianti et al. 2009). In all
the plots, the location of A3888 is annotated with the filled red
dot and a vertical line to denote the uncertainty. The images are
adapted from Poggianti et al. (2009) with permission.
11 FOREGROUND AND BACKGROUND
STRUCTURES
According to the colour-coded histogram (see Figure 3),
there are other fore/background populations of galaxies in
a one degree radius around A3888. The DBSCAN method
was applied to all of the separate populations distributed in
the redshift histogram. According to the DBSCAN results,
galaxy populations in the light-blue (0.053 6 z 6 0.0875)
and red (0.185 6 z 6 0.222) regions in the colour-coded his-
togram (Figure 3) host galaxy clusters and galaxy groups.
Examination of the DSS blue image revealed existence
of three cD galaxies in the field with conspicuous mass con-
centrations around them. Interestingly, the application of
the DBSCAN to galaxies in the redshift range 0.053 6 z 6
0.0875 (the light blue grouping on Figure 3) confirmed the
existence of three galaxy clusters around the aforementioned
cD galaxies. Thus, the DBSCAN results were consistent with
the visual inspection of the DSS blue image and hereafter
these three clusters are denoted as Structures 6,7 and 8.
Examination of the redshifts between 0.185 and 0.222 (red
population on Figure 3) showed the presence of an additional
galaxy group, denoted here as Structure 9.
Table 6 gives the summary of the DBSCAN results
on these over-densities and further narrows the ranges over
which the structures occur. We also list an IAU name for
each new cluster detected. On account of poor redshift cov-
erage, determining all of the members of the detected clus-
ters and galaxy groups is not feasible and all the analysis is
based on the available limited measured redshifts.
As before, we used the method of Beers et al. (1990)
Bright galaxy
cD galaxy2
cD galaxy3
cD galaxy1
Figure 13. The spatial distribution of galaxies in the detected
structures. The cD galaxies of detected galaxy clusters are an-
notated on the plot. Structure 6 (SJD J2232.4-3742) is shown
with blue circles with labelled cD galaxy 1, Structure 7 (SJD
J2232.5-3759) is given by red squares with labelled cD galaxy 2
and Structure 8 (SJD J2231.1-3801) is shown with green ellipses
with labelled cD galaxy 3. The DSS blue is the background image.
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Figure 14. The isoline plot of the galaxies in redshift slice of
0.0717–0.0856. The contour starts from 10% and continues with
10% interval to 90%.
for the calculations of velocity dispersions and redshifts of
the detected structures. All of the confidence intervals were
estimated based on 95% confidence level (α=0.05).
• Structure 6 – SJD J2232.4-3742
This structure is a galaxy cluster which has 17 candidate
members. The cD galaxy has a redshift of 0.0795 and is de-
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Figure 15. Redshift histogram of the clusters found in the redshift range 0.0717–0.0856. The red (grey) vertical dotted lines represent
the redshift of the cD galaxy in each cluster. The black dotted line represents the redshift of the BCG. The redshift histograms of
Structures 6 (SJD J2232.4-3742), 7 (SJD J2232.5-3759) and 8 (SJD J2231.1-3801) are shown from left to right, respectively.
Table 6. Details of fore/back ground structures detected by the DBSCAN method in the field of A3888. The upper and lower limits of
the redshift and velocity dispersion represent the estimated α=0.05, 95% confidence intervals.
Structure ID IAU Name zcD Ngal z σv,rest [km s
−1] cD coord
6 SJD J2232.4-3742 0.0795 17 0.0792+0.0013−0.0013 730
+363
−363 22 32 35 -37 42 28.93
7 SJD J2232.5-3759 0.0741 24 0.0765+0.0022−0.0022 727
+592
−592 22 32 49 -37 59 24.91
8 SJD J2231.1-3801 0.0733 7 0.0732+0.0005−0.0005 128
+209
−19 22 31 07 -38 01 35.95
9 SJD J2234.2-3719 . . . 6 0.2006+0.0020−0.0020 420
+541
−175 22 34 16 -37 19 25.01
a
a The coordinate of the brightest galaxy.
noted as cD galaxy 1 on Figure 13. All of the candidate
members of this cluster are annotated with blue open circles
on the DSS blue image in Figure 13. The estimated average
redshift and rest frame velocity dispersion of the cluster are
0.0792 and 730 km s−1, respectively. The contour plot of this
structure is shown in Figure 14 (blue dots with label 6). In
the left plot in Figure 15 the redshift histogram of this clus-
ter is shown. The details of this structure is given in Table 6
and the member galaxies are repoted in Table A1. We stress
that the velocity dispersion might have been underestimated
because of poor sampling in this region.
• Structure 7 – SJD J2232.5-3759
This structure is a galaxy cluster which has 24 candidate
members with a cD galaxy with redshift of 0.0741 which is
denoted as cD galaxy 2 on Figure 13. The candidate mem-
bers with red open squares are shown in Figure 13. The av-
erage redshift and the rest frame velocity dispersion of this
cluster is 0.0765 and 727 km s−1, respectively. The contour
plot of this structure is shown in Figure 14 (red dots with
label 7). The middle plot in Figure 15 shows the redshift his-
togram of this cluster with two well-separated redshift dis-
tribution which might explain the large estimated intervals
of the velocity dispersion. The left peak in the histogram is
consistent with the redshift of the cD galaxy. Additionally,
the right peak in the histogram is in line with the redshift of
a bright galaxy (z = 0.0786) which is probably the Bright-
est Cluster Galaxy (BCG) of an interacting cluster and is
also denoted as “Bright galaxy” in Figure 13. The projected
distance (estimated at the mean redshift of both galaxies)
between these two galaxies is 695 kpc. Figure 16 shows the
two populations of galaxies with different velocity distribu-
tions according to the histogram shown in middle plot in
Figure 15. The redshift distribution might be a signpost of
an dynamical interaction between a galaxy cluster and a
group or another cluster of galaxies. Table 6 gives details of
this structure and the member galaxies are repoted in Ta-
ble A1. Further analysis requires greater redshift sampling
of this region.
• Structure 8 – SJD J2231.1-3801
This is a galaxy cluster with 7 members which has an aver-
age redshift of 0.0732 and hosts a cD galaxy with z= 0.0733
which is denoted as cD galaxy 3 in Figure 13. The can-
didate members are annotated with green open ellipses in
Figure 13. The contour plot of this structure is shown in Fig-
ure 14 (green dots with label 8). The right plot in Figure 15
shows the redshift histogram of this cluster. The redshift of
the cD galaxy is in line with the peak of the histogram. On
account of insufficient redshift coverage the rest frame veloc-
ity dispersion (128 km s−1) will be highly underestimated,
but is sufficient for a group. Table 6 gives details of this
structure and the member galaxies are repoted in Table A1.
• Structure 9 – SJD J2234.2-3719
There is another galaxy group found in the redshift slice of
0.1867–0.2162. This is a very small group of merely six galax-
ies. The average redshift and rest frame velocity dispersion
of this group are 0.2006 and 420 km s−1, respectively. The
estimated velocity dispersion has a large confidence interval
which is more likely to be a result of poor sampling. Fig-
ure 17 shows the isoline plot of Structure 9 (blue dots with
label 9) which is superimposed on the scatter plot. Details of
this structure and its member galaxies are given in Table 6.
We note that there are four other galaxy clusters re-
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Figure 16. Redshift distribution of Structure 7 (SJD J2232.5-
3759) based on the velocity gap in the redshift histogram (see
the middle plot in Figure 15). The black circles represent the
galaxy population of the left side of the histogram in the redshift
range of 0.073–0.077 and the light green circles demonstrate the
galaxies in the right side of the histogram in the redshift range of
0.077–0.080. The DSS blue is the background image.
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Figure 17. Contour plot of Structure 9 (SJD J2234.2-3719). The
contour levels are 50%, 70% and 90%.
ported in the literature in a one degree radius around A3888
(ABELL 3896 NED01 & ABELL 3896 NED02, Batuski et al.
1999, ABELL S1045, Dalton et al. 1994 and ABELL S1051,
Collins et al. 1995). There are also three galaxy groups re-
ported in this region (LCLG -39 198 & LCLG -39 199 Tucker
et al. 2000 and USGC S275, Mahdavi et al. 2000) however,
none of there were re-detected in this work. Given the large
distance of these clusters to A3888 and our poor redshift
coverage in the far field of A3888, it was highly unlikely for
us to find these clusters.
Based on an search for galaxy over-densities in the opti-
cal images associated with the LARCs project using the local
galaxy density parameter, Σ, Pimbblet (2001) identified six
over-densities of which he put forward five candidate clusters
in the field around A3888. Examination of colour magnitude
diagrams suggested that several of these were likely clusters,
however there was a lack of spectroscopic information for the
majority of putative cluster members. Of note are three ob-
jects listed in Pimbblet (2001) which he denoted α, β and
 which correspond to Structures 7, 6 and 2, respectively.
Comparison of the redshifts present by Pimbblet (2001) and
those given here shows that for Structure 7 – SJD J2232.5-
3759 the single redshift presented by Pimbblet (2001) is one
of the 24 cluster members confirmed here and for Structure 6
– SJD J2232.4-3742 four of the five redshifts listed by Pimb-
blet (2001) are part of the 17 members listed here and in
both cases the use of the local density parameter identifies
the same cD galaxy as found here. In the case of Structure
2, five of the seven members were listed previously though
we classify this as a group, not a cluster (see Section 8). The
three remaining putative over-densities listed in Pimbblet
(2001) have not been detected in this work.
12 DISCUSSION AND CONCLUSION
We have presented the results of new optical observations of
the cluster A3888 taken with the AAOmega spectrograph.
We present 254 new redshifts in the region of A3888. Com-
bining these with available redshifts in the literature we find
that main cluster, A3888, has 71 member galaxies, a red-
shift of 0.1535±0.0009 and a rest frame velocity dispersion
of 1181±197 km/s. The cluster is elongated along an East-
West axis and a 3D Lee-Fitchett substructure test of the
cluster indicates that A3888 is a bimodal cluster along that
same axis.
The contradictory evidence about the dynamics of
A3888 from X-ray data explained earlier underlines that the
dynamical status of this cluster was previously not clear.
However, the combination of pieces of evidence from the op-
tical analysis such as the presence of multiple BCGs, the
elongated optical galaxy distribution, and our substructure
test which showed that A3888 is bimodal strongly suggests
that this cluster has had dynamical interactions and is highly
likely to be a young cluster in an active merging state. This
is consistent with the latest X-ray morphology reported by
Weißmann et al. (2013) which confirmed that A3888 has
local X-ray substructures and a large BCG/X-ray peak sep-
aration.
Further spectroscopic analysis of this cluster would be
useful to further probe its dynamics, however, on account
of the very small angular separation of the galaxies in the
core of the cluster, single slit spectroscopy or more usefully
observations with an integral field unit are required to in-
crease the spectroscopic coverage in the cluster core. This
would allow a more detailed probe of the cluster core and
better statistics on the merging populations.
In addition to the work on A3888 we also presented six
galaxy over-densities within a one degree radius of the clus-
ters, including three new spectroscopically detected galaxy
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clusters. Again, further observations of these structures, par-
ticularly the clusters, would be beneficial.
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APPENDIX A: MEMBER GALAXIES OF THE
NEWLY DETECTED GALAXY CLUSTERS
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Table A1. Details of the galaxies of detected galaxy clusters
(Structures 6, 7, 8).
R.A Dec z
Structure 6 – SJD J2232.4-3742
22 32 22.70 -37 44 54.00 0.07743
22 32 29.68 -37 44 38.11 0.08022
22 32 31.70 -37 42 01.00 0.07998
22 32 35.90 -37 42 31.00 0.07945
22 32 37.40 -37 41 23.00 0.07795
22 32 38.75 -37 41 38.18 0.07834
22 32 38.89 -37 46 52.21 0.08007
22 32 39.03 -37 39 48.06 0.07909
22 32 40.12 -37 42 22.18 0.07814
22 32 40.60 -37 42 16.00 0.07790
22 32 41.00 -37 43 10.00 0.08454
22 32 42.90 -37 44 29.00 0.07972
22 32 43.70 -37 48 13.00 0.08439
22 32 45.60 -37 43 56.00 0.08297
22 32 49.00 -37 41 47.00 0.08095
22 32 53.80 -37 41 41.00 0.08433
22 32 56.60 -37 44 40.00 0.07692
Structure 7 – SJD J2232.5-3759
22 32 09.10 -38 01 01.00 0.07401
22 33 10.20 -37 57 56.00 0.07366
22 32 15.20 -38 00 20.00 0.07345
22 32 24.70 -38 04 29.00 0.07361
22 32 29.00 -38 05 19.00 0.07449
22 32 32.10 -38 01 25.00 0.07926
22 32 38.20 -37 56 36.00 0.07813
22 32 41.10 -37 59 33.00 0.07614
22 32 49.40 -37 59 24.00 0.07413
22 32 51.00 -37 53 33.00 0.07906
22 32 51.10 -38 00 39.00 0.07411
22 33 00.91 -37 57 12.20 0.07203
22 33 04.30 -37 53 29.00 0.07828
22 33 04.61 -37 53 50.89 0.07865
22 33 05.80 -37 53 02.00 0.07881
22 33 08.70 -37 58 52.00 0.07410
22 33 09.40 -37 52 47.00 0.07859
22 33 10.20 -37 57 56.00 0.07366
22 33 10.60 -37 50 30.00 0.07834
22 33 10.70 -37 55 41.00 0.07847
22 33 13.00 -37 54 05.00 0.07891
22 33 13.26 -37 49 36.16 0.07845
22 33 17.34 -37 56 05.10 0.07970
22 33 24.90 -37 51 44.00 0.07473
Structure 8 – SJD J2231.1-3801
22 30 34.70 -38 01 00.00 0.07436
22 30 44.00 -38 03 31.00 0.07253
22 30 50.10 -38 02 47.00 0.07351
22 30 53.90 -38 00 20.00 0.07312
22 30 58.20 -38 03 51.00 0.07327
22 31 07.20 -38 01 36.00 0.07329
22 31 10.10 -38 01 16.00 0.07325
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